Introduction. Chromosomal changes are widespread in the vast majority of colon carcinomas and aneuploidy is an established prognostic factor. However, this knowledge so far has no influence on tumor classification. We reported a morphology-based classification scheme, the core classification, that correlates with DNA ploidy. In particular, tripolar mitoses were identified as surrogate markers of a near triploid DNA content. In addition, a survey on chromosome numbers and survival rates in carcinomas suggested that triploidy as a particular state of aneuploidy may be correlated with a more aggressive tumor phenotype. We therefore aimed to analyse DNA ploidy in the colorectal adenoma-carcinoma sequence. Material and methods. The study collection consisted of 15 adenomas and 15 adenocarcinomas of 10 patients. Some of them showed a morphological transition between benign and malignant tumor components which were selectively analysed by DNA measurements. In addition, we assessed the morphological parameters of the core classification. Results. The main findings of the study may be summarized as follows. 1) DNA ploidy changes are already consistently detectable in colon adenomas. They are usually associated with hyperdiploidy. 2) Adenoma tissue adjacent to carcinomas, however, may carry a hypodiploid DNA content while the nearby carcinoma samples were hyperdiploid. Hypodiploidy may thus represent a transition state to near triploid carcinomas.
Introduction
Colorectal cancer is with one million new cases and with over 500,000 deaths per year the third most common cancer worldwide and a leading health problem [1] . www.fhc.viamedica.pl and about 600,000 deaths were recorded [2] . In Germany, it is the second most frequent and also the second most deadly cancer type [3] . However, it can be treated to full recovery if diagnosed at an early stage [4] .
Colon cancer comprises various types of tumors [5] . Approximately 70% of colon carcinomas develop from an adenoma. The adenoma-carcinoma sequence refers to the development of cancer in the context of a previous adenoma. The probability of developing cancer increases with an increased number of adenomas in the colon. Villous polyps in particular are considered high risk. The investigation in the St. Mark's Hospital (London, UK) on 2506 patients revealed that tubular adenomas (75%) occur much more frequently than the villous adenomas (10%). With respect to malignancy, it was found that only 4% of tubular adenomas but 40% of villous adenomas developed into carcinoma [6] . It may take about 10 years for an adenomatous polyp to transform into cancer [7] .
The growth pattern of colon adenomas is also an important feature in the definition of the degree of epithelial dysplasia which is usually divided into three degrees of severity (mild, moderate and severe) or two grades, i.e. low grade and high grade adenomas [5, 8] . The degree of epithelial dysplasia is related to the extent of aneuploidy in adenomas. In carcinomas, in contrast, there is no correlation between the degree of malignancy and aneuploidy [9] .
The histological structure of a severe dysplasia is similar to a carcinoma in situ [10] . Adenomas with mild dysplasia develop only rarely into cancer and it has been reported that the size and the type of adenoma are related to the DNA aneuploidy. Adenomas with a size smaller than 1 cm had no signs of aneuploidy. In contrast, larger adenomas had a significant increase in DNA aneuploidy and tubulovillous adenomas had the highest frequency of DNA changes [11] .
The adenoma-carcinoma sequence is the morphological correlate of the meanwhile accepted fact that colon cancer is caused by the accumulation of genetic defects [12, 13] . Genomic instability has been considered the engine of tumorigenesis and specifically colorectal carcinoma development may be facilitated by genetic instability that can arise in the context of familial cancer syndromes [14] .
It is important to note that in an early stage of cancer, there can be inactivation of the APC (adenomatous polyposis coli) gene, RAS mutation and loss of p53 [15] . Tumors are formed by a series of specific gene mutations and many more have been meanwhile reported [16, 17] . The oncogenic process is related to multiple pathways [16, 18] . In addition it is based on genomic instability which is generally associated with chromosomal changes [19] . The changes of the DNA content reflect the chromosomal changes which play an important role in tumorigenesis [20, 21] . DNA alterations can occur in adenomas, hyperplastic polyps, normal colon mucosa and ulcerative colitis even without dysplasia [5, 22, 23] . It has been suggested that aneuploidy is an early sign of carcinogenesis [22] .
The aim of this study was to investigated the DNA content of colon tumors in the adenoma-carcinoma sequence.
Material and methods
Tumor collection. Tissue samples of 10 patients were used. They were diagnosed and treated at the Berlin Charité Hos pital and the Jena University Hospital between 2003 and 2008. In total, the material consists of 15 adenomas and 15 carcinomas. The study investigated at least one tumor and one adenoma from each patient. Specimens originated from 6 male and 4 female patients, several of them had multiple tumors. The patients were on average 63 years old spanning an age range of 50 to 78 years. Patient and sample characteristics are provided in Table 1 .
Light microscopic examination.
In total, we analysed 30 formalin-fixed and paraffin embedded tissue samples. The histopathological analysis was based on haematoxylin-eosin (H & E) stained 5 µm thick sections. The slides were evaluated morphologically according to the core classification which is based on cytomorphological criteria, in particular the size of the tumor nuclei and mitoses [24, 25] . In each slide at least 10 random fields were examined to judge at higher magnifications (× 200 and × 400) the predominant size of the tumor nuclei and their size variability. The nuclei sizes were classified on a scale ranging from small (score 1), medium (score 2), large (score 3) to giant (score 4) using non-tumor cells, in particular lymphocytes, as reference [24] . Also the mitosis size was classified in the same manner. In addition, the presence of tripolar and/or tetrapolar mitoses was recorded [24, 25] . All parameters are listed in Table 1 .
Measurement of DNA content in cell nuclei stained by Feulgen method. To select for specific tumor areas, e.g. adenoma adjacent to a carcinoma, two punches of tumor tissue of the size of 1.0 mm each were removed from the paraffin block. These tissue samples were deparaffinised with xylene and rehydrated by passing through a graded series of alcohol concentrations. The material was then transferred to a 12 mL tube for the pepsin digestion (5 mL 0.07 M HCl supplemented by 25 mg pepsin, Serva, Germany, catalogue No. 31820) which was performed for around 90 min. The digestion was stopped by adding ice cold PBS buffer (5 mL PBS at 4°C). The cells were then centrifuged at 425 g for www.fhc.viamedica.pl 10 min. About 6 to 8 mL of the supernatant was discarded and the cell nuclei were resuspended by mixing with a 1 mL pipette. The nuclei were then transferred onto adhesive glass slides (SuperFrost ® Plus, Menzel-Gläser, Thermo Scientific) by applying 250 µL of the solution to a cyto-centrifuge (400 rpm, 10 min). Larger tissue debris was removed by prior filtration of the aliquot through a tissue Nylon biopsy bag (Shandon™ Nylon Biopsy Bags, Thermo Scientific). The Feulgen staining was performed after air drying the slides at room temperature on the following day as described earlier [24] . The Feulgen stain represents a classical dying method for DNA that yields purple stained nuclei. The preparations were finally covered by Vitro-Clud ® (R. Langenbrinck, Deutschland) and a cover slip (Menzel-Gläser, Thermo Scientific).
Static DNA cytometry was essentially performed as described earlier [24, 25] . Over 300 tumor cells nuclei as well as 30 reference non-tumor cells nuclei were manually selected. Lymphocytes and granulocytes were used as internal reference cells. The quality of the staining and measure- (Figure 1 ). Based on the histogram and the evaluated parameters the DNA content and the ploidy status of the tumor cells were assessed ( Table 1) . The samples were measured with an ICM cytometry system (Dr. Olaf Ahrens, Bargteheide, Germany). This is a unit consisting of a Nikon microscope linked to a CCD--camera and a computer software that is able to assess the DNA content of cell nuclei. It relies on the measurement of the optical density of the Feulgen-stained nuclei [26] . Different parameters, such as the colour concentration of the cell nuclei, size of the nucleus and the ploidy of each tumor cell could be determined by the DNA cytometry system (Table 1) .
Results

Clinicopathological analysis
Overall, we analysed 30 samples divided into 15 adenomas and 15 carcinomas from 10 patients (Table 1) . On the one hand special attention was taken to analyse carcinomas which morphologically had developed from adenomas, i.e. samples in which the adenoma-carcinoma-sequence was evident (cases 1, 6, 7, 8, 9) . On the other hand, we analysed samples Table 1 ); C, D. DNA ploidy analysis of an adenoma and its adjacent adenocarcinoma, respectively. The adenoma carried a hypodiploid DNA content (case 9, sample 29, Table 1 ) while the adenocarcinoma (case 9, sample 28, Table 1 ) showed a near triploid DNA ploidy state which suggests that the transition to malignancy was accompanied by a duplication of the hypodiploid chromosomal complement www.fhc.viamedica.pl of adenomas and carcinomas from the same patient in which there were no morphological signs of a step -wise transition between the benign and malignant tumor stage (cases 1, 2, 3, 4, 5, 6). Furthermore, in some of these cases several distinct carcinoma and adenoma samples were evaluated either because of multiple tumor formations (cases 3, 4, 6) or because morphological distinct tumor areas were detectable (case 4). In one case, a single carcinoma sample was investigated (case 10). With respect to the histotype, all carcinomas had typical intestinal type morphology except for one case with a signet ring cell carcinoma (case 4, tumor samples 13 and 15). Two carcinomas were in an early stage (in situ) while all other cancers represented invasive carcinomas ( Table 1 ).
The core classification of adenomas and adenocarcinomas
The core classification provided semi-quantitative parameters for the morphological analysis of the tumor samples (Table 1 ). There was no obvious correlation between the morphology parameters (core size, mitosis size and their size variability) and tumor stage, e.g. sample 30 of a stage I tumor had increased size and variability parameters. However, there was a correlation between the presence of either tripolar or tetrapolar mitoses with advanced tumor stage. Four out of 5 tumors (samples 17, 24, 26, 28) were associated with stage III or IV disease while only one carcinoma in situ harboured a tripolar mitosis. Furthermore, tripolar mitoses were an indicator of a near triploid DNA content (samples 4, 17, 28) . In addition, all carcinomas with increased DNA values (samples 4, 10, 12, 17, 28, 30) had also increased morphology size values, which was particularly evident for the mitosis size.
DNA ploidy status of adenomas and adenocarcinomas
The DNA content of the carcinomas ranged from 2,09c to 3,61c with a mean DNA index of 2,59c. Thus, there was a considerable variation in the DNA content. Stage I carcinomas were mostly hyperdiploid ranging from 2,3c to 2,57c (samples 1, 5, 11, 19, 22) except for one tumor with a near tetraploid DNA content of 3,6c (sample 30). In stage II or higher cases (samples 12, 13, 15, 17, 24, 26, 28) , there were more tumors with an increased DNA content. In particular, the only two carcinomas with lymph node metastases showed a near triploid DNA content of 2,9c and 3,05c respectively (samples 17 and 28). However, there was no clear relationship between the tumor stage and increased ploidy which is most obvious from the two carcinoma in situ cases (samples 4 and 10) which carried near triploid DNA contents of 3,2c and 3,44c, respectively.
The DNA content in adenomas ranged from 1,65c to 2,80c with a mean DNA index of 2,3c. Interestingly, there were 3 adenomas adjacent to carcinomas with a hypodiploid DNA content (samples 25, 27, 29) . Actually these initial cases prompted the initiation of the study. However, it was not a universal finding as two other adenomas with a transition to a carcinoma harboured hyperdiploid DNA values of 2,2c and 2,6c (samples 20 and 23). Most adenomas without signs of malignant transformation (samples 3, 6, 7, 8, 9, 18, 21) had hyperdiploid DNA values ranging from 2,17c to 2,49c). The only exception was the adenoma of case 4, a patient with a distinct stage II cancer, which harboured tumor cells of near triploid DNA content of 2,80c (sample 14).
Discussion
Chromosomal instability is a well-accepted characteristic of colon cancer [27] . Similarly, DNA ploidy measurement has been established as a prognostic factor [28] . In addition, specific chromosomal imbalances have been associated with tumor behaviour [5, [29] [30] [31] . However, the detection of chromosomal imbalances by FISH or DNA ploidy measurement has not yet entered clinical practice which may be due to the fact that these changes seems to occur at an early phase of tumorigenesis [32] .
We recently analysed the potential prognostic impact of the ploidy status of different cancer types by transforming the information on chromosomal changes of tumor karyotypes of the Mitelman database into ploidy information [33] . The data suggested that a near triploid chromosomal content might be a criterion of more aggressive cancer types including colon carcinomas. In addition, we established a morphology based classification, the core classification, which correlated with the ploidy level of cancer specimens [24, 25, 34] . The purpose of the present study was to evaluate these findings in colon carcinogenesis with specific attention to the adenoma-carcinoma sequence.
The main results of the study may be summarized as follows. 1) DNA ploidy changes are already consistently detectable in colon adenomas. They are usually associated with hyperdiploidy. 2) Adenoma tissue adjacent to carcinomas, however, may carry a hypodiploid DNA content while the nearby carcinoma samples were hyperdiploid. Hypodiploidy may thus represent a transition state to near triploid carcino- [32, 35] . These studies indicated in particular the presence of DNA and chromosomal gains in early tumorigenesis. Our study suggested that hypodiploidy and thus chromosomal loss may occur in colon adenomas. This may be particularly relevant in those adenomas that have the propensity to progress to invasive carcinoma. We feel that this is a significant observation although it is difficult to judge the frequency and importance of it due to our limited number of cases. The loss of genetic material being potentially associated with the inactivation of tumor suppressor genes may play a similarly important role in tumor progression than the activation of oncogenes [27] .
The study supports our previous notion that near-triploidy might serve as indicator for invasive carcinomas with a more aggressive phenotype [24, 33] . However, it must be stressed that the triploidy per se does not imply a simple yes or no distinction of the tumor behaviour as it may occur in benign tumors as well as adenocarcinoma in situ. In addition, it can be associated with hydatidiform mole, a pseudotumor formation of the uterus simulating pregnancy [36] . Thus, the interpretation of triploidy is strongly tissue and context dependent. There may be a subset of (non -invasive) triploid lesions/tumors that behave in an indolent fashion. In invasive carcinoma, however, this genomic state seems to represent a form of chromosomal instability which favours tumor aggressiveness, thus representing an enabling hallmark of cancer [37] .
Hypodiploidy may constitute a transition state to triploidy since the doubling of the chromosome content of a hypodiploid cell may yield a near triploid state. Similarly, the chromosomal splitting of a triploid tumor cell does result in hypodiploidy which has been related to an unfavourable prognosis in acute lymphoblastic leukaemia and multiple myeloma [38, 39, 40] . In carcinomas, there is also evidence for a prognostic influence of hypodiploidy. Specifically it has been shown that endometrioid carcinoma of the uterus bearing a good overall survival are generally hyperdiploid whereas the same tumor subtype in the ovary carrying a worse prognosis is usually hypodiploid [41] . In addition, small cell lung cancer, the most aggressive pulmonary cancer subtype, is generally a hypodiploid tumor [24] .
To our knowledge, the association of tripolar mitoses with a triploid DNA content was first described in normal rat cells [42] . It is frequently associated with octaploid cells that undergo divisions in which 2 triploid cells and 1 diploid cell are generated (8n AE 3n + 3n + 2n). In normal cell, this does happen only very rarely. In contrast, it is a frequent event in cancer cells. The above equation is actually represented by the DNA histogram of carcinoma cells that usually show a minor diploid peak together with the major triploid one ( Figure 1D) . A similar observation was also made in lung cancer [24, 34] .
While polyploidy in the liver has already been described long time ago it has recently been shown that aneuploidy also occurs in normal human hepatocytes [43] [44] [45] . Polyploidy frequently represents a precursor state of aneuploidy [46, 47] . However, it is not a prerequisite for the development of aneuploidy [48] . Similarly, it is important to note that multipolar spindle formation and chromosome segregation defects are potential feature of non-neoplastic cells that do not necessarily result in cell death [44] . This is particularly true for cancer cells which have evolved sophisticated mechanisms to cope with frequently observed triploidy and tripolar mitoses [24, 33, 49] .
In summary, the core classification of cancer being here applied for the first time to colon epithelial tumors provides information on the ploidy status of colon cancer and thus its chromosomal content. The study represents to our knowledge the first attempt to characterize the ploidy status of the adenoma-carcinoma-sequence of colon cancer by analysing distinct areas from the same tumor of single patients by DNA cytometry. We present data that hypodiploidy may represent a transition state from adenoma to carcinoma in a subset of tumors and that near-triploidy may be associated with a more aggressive course of the disease. However, the interpretation of tripolar mitoses and triploidy is largely dependent on the cell type (normal vs. cancer) and tissue context (invasive vs. non-invasive cancer). Furthermore, its interpretation may be distinct for different cancer histotypes. Aneuploidy and multipolar mitoses are frequent and relevant findings in cancer cells. Their features and impact for tumor biology deserves further studies. 
